The stress and optical relaxation of an initially straight stiff polymer chain are studied through Brownian dynamics simulations ͑based on a semiflexible bead-rod model͒ covering a broad range of time scales and polymer lengths. The strong stress component 11 ͑where "1" is the direction of the original alignment͒ is shown to be associated with the chain's longitudinal relaxation while the weak stress component 22 = 33 is shown to depend on the chain's transverse relaxation. The two independent stress components follow a different relaxation; this anisotropy is shown to result from the participation of the different relaxation modes in the transverse direction. The chain's optical relaxation is shown to be affected by the longitudinal dynamics only. The early relaxation of the strong stress component 11 and that of the chain's optical properties constitute a universal behavior-i.e., valid for any stiffness of the bead-rod chain, since at the early times the bending forces do not affect the longitudinal dynamics. Based on the knowledge of the physical mechanism and the chain's conformational behavior, we predict and explain the polymer stress and optical relaxation. A nonlinear stress-optic law ͑valid for any time and chain stiffness͒ is derived based on the identified relation of the chain configuration with the optical properties and the polymer stress. A coarse-grain model describing extended semiflexible bead road chains is also derived.
I. INTRODUCTION
The present study considers the relaxation of a single stiff polymer chain from an initial straight configuration in a viscous solvent. Physically this problem may correspond to the case of a polymer chain fully stretched by a strong flow and then relaxed by switching the flow off. This problem is also motivated by recent experiments with single biological molecules relaxing after being fully extended by applied forces as well as by the recent development of microdevices involving stretched tethered biopolymers ͑e.g., ͓1-3͔͒. In this article, we focus our attention on the stress and birefringence relaxation and how they are affected by the corresponding configuration relaxation. Our interest lies on stiff polymersi.e., polymers whose persistence length is larger than their contour length. Our results are applicable to both synthetic and biological stiff polymers such as Kevlar, polyesters, actin filaments, microtubules and rodlike viruses.
The study of the dynamics of semiflexible polymers has received much attention during the last years. The persistence length of individual molecules of these polymers varies from 50 nm for DNA to near 15 m for F-actin and 10 mm for microtubules ͑e.g., see ͓4-6͔͒. By considering that the smallest length associated with these biopolymers is the diameter of the individual molecule with a typical value of a few nanometers, we readily realize that semiflexible polymers show a broad range of stiffness which results in some unique properties of their solutions and networks. As a result, there has been recently a growing interest in understanding the properties of semiflexible polymers by both experimental and theoretical investigations.
Experimental studies employing macrorheological and microrheological approaches have considered the viscoelasticity of F-actin solutions and networks ͑e.g., ͓6-11͔͒, microtubules ͓12͔, and synthetic polymers ͑e.g., ͓13-16͔͒. Singlemolecule probing techniques have allowed the investigation of the dynamics of DNA molecules ͑e.g., ͓1,2,17,18͔͒ and stiffer biological polymers such as actin filaments ͑e.g., ͓19-21͔͒ and microtubules ͑e.g., ͓12͔͒. Theoretical investigations considered both the conformation and viscoelasticity of semiflexible polymer solutions especially near equilibrium ͑e.g., ͓22-28͔͒. Studies of polymer solutions far from equilibrium include the problem of the chain being straightened by applied forces ͑e.g., ͓29,30͔͒ as well as the dynamics of a chain under various external perturbations ͓31͔.
In this paper we study the stress and birefringence relaxation of an initially straight stiff polymer. A number of authors ͑e.g., ͓32-36͔͒ have studied the corresponding problem for flexible polymers. A review has been given in our recent paper ͓37͔ where we investigated both the transverse and longitudinal dynamics for a flexible bead-rod chain and showed that the polymer relaxation at intermediate times results from a quasisteady equilibrium of the tension forces in the longitudinal direction; i.e., it is the longitudinal dynamics that controls the chain relaxation. In the present study we focus our attention on the effects of the chain stiffness. Although we explicitly consider the relaxation of a single polymer chain in a viscous solvent, our results should be valid even for concentrated polymer solutions and networks as long as the relaxation of interest occurs on length scales shorter than that characterizing the entanglements or crosslinks.
By employing scaling laws, we numerically determine the relaxation of the polymer stress and birefringence over extended time scales and polymer lengths. In particular, we study chains with polymer lengths up to N = 40 000 while by combining our results for the three time behaviors, we cover near 25 time decades. After discussing the mathematical formulation and the numerical algorithm in Sec. II, we present and analyze the stress relaxation in Sec. III. The chain's optical relaxation ͑i.e., the relaxation of the polymer birefringence and the associated index-of-refraction tensor͒ is considered in Sec. IV. In both sections, we employ the relaxation mechanism and the configuration evolution we identified in our earlier study ͓38͔ to predict and explain the relaxation of the polymer stress and birefringence. We also provide a detailed analysis of the relaxation of the chain's different modes and how they affect the chain evolution.
The strong stress component 11 is shown to be associated with the chain's longitudinal relaxation while the weak stress component 22 is shown to depend on the chain's transverse relaxation. Because for an incompressible fluid only the stress difference 11 − 22 is meaningful, our study shows that for the current problem the stress difference consists of two components: a dominant one resulting from the relaxation of the chain length and a weak one resulting from the relaxation of the chain width. The chain's optical relaxation is shown to be affected by the longitudinal dynamics only. Since the bending forces do not affect the longitudinal dynamics at early times, the early behavior of the strong stress component 11 and that of the chain's optical properties are universal-i.e., valid for any chain stiffness.
In addition, by combining the relation between the optical properties and the chain configuration with the relation between the polymer stress and the chain conformational evolution, in Sec. V we propose a generalized stress-optic law describing the relaxation for any chain stiffness and time period. As discussed in Sec. VI, the inherent nonlinearity of the current problem, associated with the initial straightness of the polymer chain, results in a nonlinear force-extension relation and thus a nonlinear stress-optic law which obviously contradicts the common linear relationship ͓39,40͔. A coarse-grain model describing extended semiflexible bead road chains ͑ESBRC͒ is also derived.
We emphasize that the numerical results and the physical insight presented in this paper are based on a bead-rod model described in the next section, and thus they should not be confused with those from other polymer models. The beadrod model we employ in this study has the important physical feature of preserving the length at the local scale ͑and thus the contour length of the entire chain͒ at all times. In addition, note that our study investigates a problem of nonlinear dynamics ͑i.e., nonlinear perturbations far from equilibrium͒; thus our results should not be confused with those in the linear regime-e.g., ͓22,23,27,28͔. Some additional issues involving our computational model and results and their association with recent analytical predictions are addressed in Sec. VII.
II. MATHEMATICAL FORMULATION AND COMPUTATIONAL ALGORITHM
A discretized version of the wormlike chain model ͓41,42͔ is employed based on a Brownian dynamics method developed in Ref. ͓32͔ . This method considers a ͑flexible͒ bead-rod model with fixed bond lengths and ignores hydrodynamic interactions among beads as well as excludedvolume effects. ͑For the extended stiff chains we study in this paper, hydrodynamics has little effect on intrachain dynamics ͓41͔.͒ The polymer chain is modeled as N B = ͑N +1͒ identical beads connected by N massless links of fixed length b ͑which is used as the length unit͒. The position of bead i is denoted as X i , while the link vectors are given by
To account for polymer stiffness, we add a bending energy proportional to the square of the local curvature. For a continuous chain the bending energy is given by
where L is the ͑constant͒ contour length of the chain and d the local unit tangent. The bending energy E is related to the persistence length 
and thus it depends on the angle i between two successive links since
The properties of the polymer chain are specified by the ͑constant͒ contour length of the chain L and its persistence length L p or equivalently in dimensionless form by the number of links N and the dimensionless bending energy E = E / k B T.
Assuming that the bead inertia is negligible, the sum of all forces acting on each bead i must vanish, which leads to the following Langevin equation
where the friction coefficient is assumed to be uniform. F i rand is the Brownian force due to the constant bombardments of the solvent molecules. The force
where T i is a constraining tension along the direction of each link d i , ensures the link inextensibility. F i cor is a corrective potential force added so that the equilibrium probability distribution of the chain configurations is Boltzmann. ͑More details on how to determine efficiently these forces may be found in Ref. ͓32͔.͒ The bending force F i bend is derived from the discrete form of the bending energy, Eq. ͑2͒,
In the equation above as well as in all the equations in this paper, a term exists only if its index can be defined within its permitted bounds. For example, for i = N the term d i+1 in Eq. ͑4͒ does not exist, while for i = 1 only the term d i+1 exists. We note that, in deriving Eq. ͑4͒, we used the fact that the link lengths are fixed. The same modeling of the chain stiffness may also be employed for variable link lengths-e.g., for a bead-spring model; in this case the equation for the bending force contains some additional terms from the differentiation of the link lengths.
The resulting system based on Eq. ͑3͒ may be solved in O͑N͒ operations facilitating the study of long and stiff chains. Ensemble averages are determined by employing 10 4 to 10 5 independent initial configurations. The polymer stress =−͚ i=1 N B X i F i total , where F i total is the sum of all forces appearing on the right-hand side of Eq. ͑3͒, is calculated efficiently by eliminating the fluctuating terms of large magnitude which produce vanishing expectation values ͓32͔. In the following sections we present the polymer stress in units of k B T. We emphasize that the numerical method employed in this work has been used to study semiflexible polymers near and far from equilibrium-e.g., ͓23,28,38͔-and will not be discussed further in the present paper.
The birefringence B is a sensitive measure of the average conformation of the polymer molecules. For light propagating along the "3" direction, the dimensionless birefringence is given by ͓33͔
where n is the dimensionless index-of-refraction tensor:
Both birefringence and the index-of-refraction tensor have been nondimensionalized with 2 9
where n is the isotropic part of the index-of-refraction tensor while ␣ ʈ and ␣ Ќ are the polarizabilities parallel and perpendicular to a link, respectively ͓33͔. For a straight chain aligned along the "1" direction, the birefringence is B = N while the three relevant components of the index-ofrefraction tensor, called refraction components in this article, are n 11 = N and n 22 = n 12 =0. Our algorithm has been parallelized by employing message passing interface ͑MPI͒ and thus it can be used on both shared-and distributed-memory multiprocessor computers such as the IBM pSeries 690 and Linux Superclusters provided by the National Center for Supercomputing Applications ͑NCSA͒ in Illinois. On both types of machines, the efficiency is almost 100% even for a high number of processors. Utilizing this optimized parallel algorithm, we routinely employ up to 320 of the fastest processors to study single chains with more than N = 40 000 beads as we show in this paper and thus we are able to identify the polymer behavior of long chains or at very small times. The numerical method employed in this work has been used to study semiflexible polymers near equilibrium ͓27͔ as well as the relaxation of initially straight flexible and stiff polymers ͓37,38,43͔, and will not be discussed further in the present paper.
Throughout this paper, we denote the longitudinal and transverse lengths of the chain as R ʈ and R Ќ , of the links as d ʈ and d Ќ , and the longitudinal and transverse positions of the beads ͑with respect to the chain's center of mass͒ as X ʈ and X Ќ , respectively. ͑The longitudinal and transverse directions refer to the orientation of the entire chain.͒ We emphasize that for an elongated chain, the chain's width R Ќ scales similarly to the transverse bead position X Ќ , while the chain's length R ʈ scales similarly to the sum of the longitudinal length d ʈ of all links-i.e., R ʈ ϳ͚d ʈ . In addition, owing to the link inextensibility, the transverse length d Ќ of a link is associated with its longitudinal length
where b is the fixed distance between two successive beads. Thus, properties which depend on R ʈ , d ʈ , or d Ќ should scale with the chain's length, while those which depend on R Ќ or X Ќ should scale with the chain's width.
The Brownian forces give rise to a microscopic time scale associated with the diffusive motion of one bead, rand = b 2 / k B T, which is used as the unit for the times reported in this work if no other unit is used. Similarly, the bending forces give rise to a microscopic time scale associated with the relaxation of the angle between two successive links. For large bending energy E 1, this time scale is given by bend = b 2 / E = rand / E rand . This time scale also constitutes the first of a series of time scales associated with the bending vibrations of portions of the polymer chain with increasing length. The largest time scale, associated with the entire polymer chain, is denoted as Ќ ϳ L 4 / Eb 2 = ͑N 4 / E͒ rand . All properties presented in this paper are calculated as, and refer to, the ensemble averages of the corresponding instantaneous values. The birefringence is formally calculated by Eq. ͑5͒. Owing to the fact that the refraction component n 12 is always negligible for the current problem ͑as discussed in Sec. IV͒, the formal calculation of the birefringence is identical to the ensemble average of the instantaneous values of this quantity. In the figures presented in the next sections, the polymer length may be presented by either the number of beads N B or the number of links N. Obviously for long enough chains there is no difference, but for small to moderate length chains the difference may be significant. Thus in the figures below we use that number which produces the best fitting in the scaling laws with the understanding that for long enough chains there is no distinction.
III. STRESS AND CONFORMATIONAL RELAXATION
Forcing a polymer chain to obtain a straight configuration, the polymer accumulates only normal stresses which decay as the chain relaxes towards the equilibrium shape. Assuming that "1" is the direction of the initial configuration, the strong component of the normal stress is 11 , while the other two components are equal, 22 = 33 , owing to symmetry. Also no shear stress develops in our system ͑i.e., ij = 0 for any i j͒. At equilibrium the stress is simply =−I ͑where I is the unit 3 ϫ 3 matrix-e.g., 11 = 22 =−1͒ owing to the motion of the center of mass as discussed in our previous article on the relaxation of flexible chains ͓37͔. Subtracting the equilibrium value, the two independent nonzero components of stress ͑ 11 and 22 ͒ have opposite signs since in the "1" direction the polymer chain is being compressed while in the other two directions the chain is being extended. ͑Based on the way we define the stress, 11 +1Ͼ 0 while 22 +1 Ͻ 0.͒ Thus in the figures below we plot the strong component as ͑ 11 +1͒, and the weak component as −͑ 22 +1͒.
A. Short times
Considering a straight polymer chain, the bending forces are exactly zero and thus they do not affect the initial polymer stress. Therefore, for this problem a stiff chain is expected to show an initial stress identical to that of a flexible chain. The strong-stress component scales as 11 ϳ N 3 associated with O͑N 2 ͒ link tensions ͑necessary to maintain link inextensibility͒ for each of the N links ͓32͔. On the other hand, the weak-stress component is exactly 22 =−͑N +1͒ associated with the transverse component of the Brownian forces-i.e., O͑1͒ stresses per bead over ͑N +1͒ beads ͓37͔. Therefore, even dilute polymer solutions of stiff chains under strong extensional flows are expected to show large stresses associated with the strong stress component 11 .
To verify our conclusions above and in addition to determining the time scale of the initial stress relaxation, in Fig. 1 we plot the polymer stress just after the chain is left to relax for long stiff chains with E / N = 10. As this figure reveals, initially 11 = O͑N 3 ͒ while 22 =−͑N +1͒. In addition, the initial decay from the plateau occurs at times t ϳ ten ϳ N −2 for both stress components.
Figure 1 reveals that the initial stress relaxation of long stiff chains is identical to that of flexible chains ͓37͔, and thus it can be explained similarly. In particular the short-time behavior of all chains denotes a period of dominant transverse motion; each polymer bead shows a transverse free diffusion X Ќ ϳ R Ќ ϳ t 1/2 due to the dominant effective Brownian force F Ќ rand ϳ t −1/2 . Owing to the link inextensibility, the longitudinal length of each link is shortened as b
The dominant force in the longitudinal direction is the corresponding component of the tension force F ʈ ten ϳ Td ʈ ϳ N 2 ͑since T ϳ N 2 are the tensions along the nearly straight chain͒.
We emphasize that during the short times, the dominant forces in the longitudinal and transverse directions are not able to produce any stress relaxation: 11 ϳ͚Td ʈ 2 ϳ NT ϳ N 3 -i.e., it results from O͑N 2 ͒ link tensions for each of the N links-while 22 ϳ͚X Ќ F Ќ ϳ N-i.e., it is associated with the transverse Brownian forces.
The transition from short to intermediate times occurs when one of two dominated transverse forces
For long enough stiff chains-i.e., for N Ն ͑E / N͒-F Ќ ten balances first F Ќ rand at times ten ϳ N 2 which thus denote the end of the short-time behavior as clearly shown in Fig. 1 above.
Short stiff chains are expected to show a behavior similar to that of long chains during short times. To verify this, we determined the stress and configuration evolution for short stiff chains with N Յ 100 and the same stiffness ratio E / N = 10. As shown in Fig. 2 , the two independent stress components are again 11 ϳ N 3 and 22 =−͑N +1͒. The difference between long and short stiff chains lies on the time scale denoting the end of the short-time behavior. As Fig. 2 clearly shows, for short chains the transition to the intermediate-time behavior occurs at times t ϳ bend ϳ E −1 . The explanation for this difference lies in the fact that for short enough stiff chains, the transverse bending force grows faster than the transverse tension force during the short times, and thus it balances first the transverse Brownian force at times bend ͑i.e., requiring that F Ќ bend Յ F Ќ rand result in t Յ bend ͒. The distinction between short and long stiff chains can be easily made by requiring that F Ќ bend Ն F Ќ ten or equivalently bend Յ ten which results in N Յ ͑E / N͒. We can also obtain a more accurate description if we include the numerical coefficient of the two time scales. Figure 2 shows that bend Ϸ 10 −3 E −1 while Fig. 1 shows that ten Ϸ 10 −2 N −2 , and thus the requirement bend Յ ten is valid for N Յ 10͑E / N͒. For chains with stiffness ratio E / N = 10, the polymer length should be N Յ 100, in agreement with our numerical results shown in Fig. 2 above.
As a conclusion, during the short times the dominant transverse Brownian force F Ќ rand ϳ t −1/2 on each polymer bead produces a transverse free diffusion R Ќ 2 ϳ t and a ͑constant͒ weak stress component 22 =−͑N +1͒. Owing to the link inextensibility, the width increase results in a length reduction
The dominant longitudinal tension force F ʈ ten ϳ N 2 produces a ͑constant͒ strong stress component 11 ϳ N 3 . The end of the short-time behavior occurs when the transverse tension or bending force on each bead balances the transverse Brownian force; this happens at times ten FIG. 1. ͑Color online͒ Stress relaxation of a long stiff polymer chain with E / N = 10 at short times. Scaling law for the stress components ͑a͒ ͑ 11 +1͒ and ͑b͒ ͑ 22 +1͒. ͓Note that ͑ 22 +1͒ is negative.͔ Both curves were generated by employing chains with N = 400, 1000, 4000, 10000, 40000.
ϳ N −2 for long stiff chains N Ն ͑E / N͒ and at times bend ϳ E −1 for short stiff chains N Յ ͑E / N͒. Thus, short times denote a period of dominant transverse motion for the polymer chain which is not able to induce any stress relaxation.
B. Early intermediate times
At the end of the short times, the transverse free diffusion of the polymer beads is arrested; during the intermediate times all the length scales of the chain affect the polymer relaxation and a ͑significant͒ relaxation of the accumulated O͑N 2 ͒ tensions and O͑N 3 ͒ stresses is expected. As we discussed in Ref. is negligible compared to the strong tension force F ʈ ten = O͑N 2 ͒. ͑We recall that for a straight stiff chain, F ʈ bend is identically zero.͒ Thus the early relaxation is identical to that for flexible chains. On the other hand, the bending forces affect the late period of the relaxation, until the end of the bending relaxation at times Ќ ϳ N 4 / E. The transition times between the two periods has been identified in our previous work as the times mid ϳ N 4 / E 3 ͓38͔.
The stress relaxation at early intermediate times ten t mid is shown in Fig. 3 , where a power-law decay is clearly evident over eight time decades. We note that we produce this behavior by employing the scaling-law methodology-i.e., by monitoring the polymer stress of chains with increasing length over a short time period only, while in the corresponding figure the time and stresses are scaled with their values at the end of the behavior. ͑More details may be found in our earlier publication ͓43͔.͒ Figure  3 shows that at early intermediate times the polymer stress is
Thus an anisotropy in the stress relaxation is observed at early intermediate times.
Comparing these results to those for flexible chains, we observe that the strong-stress component 11 shows exactly the same relaxation for both chainsi.e., its behavior is universal for any stiffness of the bead-rod Scaling law for the stress components ͑a͒ 11 and ͑b͒ 22 . The curves were generated by employing chains with N = 400, 1000, 4000, 10000, 40000. Also shown is the power-law decay at late intermediate times.
chain. On the other hand, the weak stress component of flexible chains shows a slower relaxation,
͓37͔.
We emphasize that all power laws presented in this paper via our computational results can be verified through simple scaling arguments. For example, as discussed in the next section, the relaxation of the strong-stress component during the late intermediate times, is 11 ϳ N 3 E −3/4 t −3/4 . ͑Note that this law is derived from the relaxation of short stiff chains in the entire intermediate times and thus is independent of the early intermediate-time behavior of long stiff chains presented in this section.͒ Thus during the early intermediate times, the strong-stress component decreases from a magnitude of 11 = O͑N 3 ͒ at short times ten ϳ N −2 to a magnitude of 11 = O͑E 3/2 ͒ at the transition times mid ϳ N 4 / E 3 . Matching these two stresses with a single power law t a gives
which is only valid for a = −1 / 2 and thus at early intermediate times 11 ϳ N 2 t −1/2 in agreement with our numerical results shown in Fig. 3͑a͒ . The same can easily be shown for the weak-stress component 22 .
To explain the relaxation of the two independent stress components we utilize the configuration relaxation mechanism we have identified in our previous study ͓38͔. In particular, during the early intermediate times there is a quasisteady equilibrium of tensions associated with the deforming action of the Brownian forces, T ϳ Nt −1/2 . During these times the polymer length decreases as R ʈ 2 ͑0͒ − R ʈ 2 ϳ Nt 1/2 or ⌬R ʈ = R ʈ ͑0͒ − R ʈ ϳ t 1/2 while the chain width increases as R Ќ 2 ϳ N −1/3 t 5/6 ͓38͔. Based on the mechanism above, it is straightforward to show that the relaxation of the strong-stress component 11 is associated with the longitudinal dynamics only. In particular, by considering the entire polymer chain or summing over all beads, we obtain
where we use that d ʈ ϳ 1, R ʈ ϳ N, and F ʈ ϳ Td ʈ ϳ T. On the other hand, we may conclude that the relaxation of the weakstress component 22 results from the relaxation of the polymer width only. In particular, the transverse evolution of the polymer chain,
, reveals the dominant transverse force on each bead:
Thus by summing over all beads, the stress decay is
in agreement with our numerical results shown in Fig. 3͑b͒ . The anisotropy in the polymer relaxation depicted at Eqs. ͑8͒ and ͑9͒ above may be attributed to the participation of the different relaxation modes in the transverse direction. In particular, note that if the chain were to relax transversely with only the shortest mode, the width evolution would be
which obviously underestimates the true width evolution. On the other hand, if the chain were to relax transversely with only the longest mode, then the width evolution would be
which overestimates the true width evolution. The participation of the different modes in the transverse relaxation results in a relaxation rate between the two extreme rates of the shortest and longest modes. In addition, we note that if the chain were to relax transversely with only one relaxation mode, then the width growth R Ќ 2 should follow the same power law as the length reduction R ʈ 2 ͑0͒ − R ʈ 2 -i.e., a t 1/2 power law as the growths of the shortest and longest mode verify; thus the anisotropic relaxation results from the participation of the different relaxation modes in the chain's transverse evolution. Proceeding further, we may conclude that at the beginning of the intermediate times t ϳ N −2 the chain relaxes transversely with its smallest mode only owing to the short-time transverse free diffusion ͑i.e., R Ќ 2 ϳ d Ќ 2 ͒ while as the time increases longer modes participate in the chain relaxation. To provide a qualitative picture of the mode relaxation, we may determine the evolution of the average relaxation mode by replacing the contribution of the different modes by a single mode with a time-dependent length and amplitude. The transverse growth of such mode is the same as that for the entire chain-i.e., R Ќ -while the link inextensibility at the mode wave results in a time-dependent wave number N M which should follow the requirement R Ќ 2 ϳ N M −2 ͓R ʈ 2 ͑0͒ − R ʈ 2 ͔ and thus
Therefore, the wave number of the average mode decreases with time, from N M ϳ N at times ten ϳ N −2 , to N M ϳ E 1/2 at times mid ϳ N 4 / E 3 ; i.e., the mode's wavelength increases with time from R ʈ M ϳ 1 at ten to R ʈ M ϳ N / E 1/2 at mid . The mechanism of the longitudinal relaxation of stiff chains is identical to that for flexible chains, and thus all polymer properties which depend on the chain longitudinal reduction should show a universal behavior-e.g., the strong-stress component 11 . On the other hand, the chain's transverse evolution is affected by the chain stiffness and thus polymer properties which depend on the chain width do not show a universal behavior. To explain this, observe that, compared to a flexible chain, a stiff chain is less likely to relax transversely with short modes and thus for a given length reduction R ʈ 2 ͑0͒ − R ʈ 2 the stiff chain shows a greater width evolution,
. This results in a larger weak-stress component for the stiff chain, ͑ 22 ͒ stiff ϳ N 2/3 t −1/6 Ն ͑ 22 ͒ flex ϳ N 1/2 t −1/4 . The different magnitudes of the two stress components at the end of the early intermediate times-i.e., 11 = O͑E 3/2 ͒ while 22 = O͑E 1/2 ͒-show that during the entire early inter-mediate times the polymer chain is still far from equilibrium. This conclusion is also supported by the fact that even at times mid the chain width is much smaller than its value near equilibrium-i.e., ͑R Ќ 2 ͒ mid = O͑N 3 / E 5/2 ͒ ͑R Ќ 2 ͒ eq = O͑N 3 / E͒. We also conclude that the anisotropy in the stress relaxation is caused by the corresponding anisotropy in the configuration relaxation and thus by the influence of the different relaxation modes in the chain's transverse evolution.
C. Late intermediate times
We now turn our attention to the chain relaxation during the late intermediate times where the bending forces affect the longitudinal relaxation of the polymer chain. To reveal the polymer behavior during the times mid t Ќ , ideally we would monitor a long chain over the extended period ͓ ten , Ќ ͔ which is still computationally impractical to achieve. Clearly a scaling law should be used; in this case we should employ the property of the scaling law methodology which dictates that the behavior of short chains represents the late behavior of longer chains-i.e., property ͑iii͒ in Ref.
͓43͔. For example, for stiff chains with E / N = 10, we may expect to be able to capture the late intermediate-time behavior by employing chains with N Յ 100 ͑since we captured the early behavior with chains 100Ͻ N Յ 40 000 in Sec. III B.͒ It is important to realize that these short chains should show only one intermediate behavior over the entire period bend t Ќ , identical to the late intermediate-time behavior of the long chains we seek. To explain this, observe that by requiring ten Ն mid results in N Յ ͑E / N͒; these short chains also show ten Ն bend . Therefore the two time scales of the early intermediate-time behavior, ten and mid , should disappear now. ͑Note that the first inequality shows that mid disappears while the second one shows that ten is replaced by bend as the beginning of the intermediate times.͒ Combining this with the analysis for the short-time behavior presented earlier in Sec. III A, we may conclude that for short chains with N Յ ͑E / N͒, after balancing the transverse Brownian forces at times t ϳ bend , the bending forces start to affect both the transverse and the longitudinal relaxation of the polymer chain until the end of the bending relaxation at times t ϳ Ќ . Figure 4 shows that during the late intermediate times the polymer stress is 11 ϳ N 3 E −3/4 t −3/4 and 22 ϳ NE −1/4 t −1/4 . ͑17͒
The ͑direct͒ dependence of both stress components on the chain stiffness E is in agreement with our conclusion that during these times the bending forces should affect the chain dynamics. The different power-law decays of the two stress components reveal that there exists an anisotropy in the stress relaxation even during the late intermediate times.
To explain the relaxation of the two independent stress components we utilize again the configuration relaxation mechanism we have identified in our previous study ͓38͔. In particular, during the late intermediate times the polymer length reduction R ʈ 2 ͑0͒ − R ʈ 2 ϳ N 2 E −3/4 t 1/4 is associated with a T ϳ N 2 E −3/4 t −3/4 relaxation of tensions affected by both Brownian and bending forces. During the same times the chain width increases as R Ќ 2 ϳ E −1/4 t 3/4 . Similarly to our analysis for the early intermediate times, it is straightforward to show that the relaxation of the strong stress component 11 is associated with the chain's longitudinal dynamics only. By considering the entire polymer chain or summing over all beads, we obtain
where we use that d ʈ ϳ 1, R ʈ ϳ N, and F ʈ ϳ Td ʈ ϳ T. The relaxation of the weak-stress component 22 results from the relaxation of the polymer width only. In particular, the transverse evolution of the polymer chain, R Ќ ϳ X Ќ ϳ E −1/8 t 3/8 , reveals the dominant transverse force on each bead,
and thus by summing over all beads, the stress decay is
in agreement with our numerical results shown in Fig. 4͑b͒ . The anisotropy in the stress relaxation depicted at Eq. ͑17͒ above results from the participation of the different relax- ation modes in the transverse direction, similar to what happens during the early behavior. To provide a qualitative picture of the mode relaxation, we determine again the evolution of the average relaxation mode by replacing the contribution of the different modes by a single mode with a time-dependent length and amplitude. The wave number N M of this mode is given by
and thus it decreases with time from N M ϳ E 1/2 at times mid ϳ N 4 / E 3 to N M ϳ 1 at times Ќ ϳ N 4 / E; i.e., the mode's wavelength increases with time from R ʈ M ϳ N / E 1/2 at mid to R ʈ M ϳ N at Ќ . This means that at the end of the bending relaxation at times Ќ , the polymer chain relaxes with its longest mode only as we can easily verify since at times Ќ , R Ќ 2 ϳ R ʈ 2 ͑0͒ − R ʈ 2 ϳ N 3 / E. As a conclusion, during the late intermediate times the chain longitudinal relaxation is associated with the relaxation of the dominant tensions which are now affected by both Brownian and bending forces. The tension relaxation T ϳ N 2 E −3/4 t −3/4 is associated with a length reduction R ʈ 2 ͑0͒ − R ʈ 2 ϳ N 2 E −3/4 t 1/4 and results in a strong-stress component relaxation of 11 ϳ N 3 E −3/4 t −3/4 . Owing to the participation of the different relaxation modes in the transverse relaxation, the chain width increases anisotropically as R Ќ 2 ϳ E −1/4 t 3/4 ; the dominant transverse force is F Ќ ϳ E −1/8 t −5/8 and the associated weak-stress component relaxes as 22 ϳ NE −1/4 t −1/4 . Therefore, the anisotropy in the stress relaxation is caused by the corresponding anisotropy in the configuration relaxation and thus by the influence of the different relaxation modes in the chain's transverse evolution.
The late intermediate-time behavior discussed in this section is valid for any stiff chain E Ն N. To verify this conclusion we determined the stress relaxation of a very stiff chain with E / N =10 4 at late intermediate times. As shown in Fig. 5 , both stress components 11 and 22 of this chain show a behavior identical to that for a chain with E / N = 10. Observe that for E / N =10 4 the late intermediate-time behavior is valid for smaller times ͑and longer chains͒ compared to that for E / N = 10; to show this in this figure we include chains with N = 400, 1000 for the very stiff chain with E / N =10 4 . We note that, in this figure, to distinguish the curves for the two chains we scale the time with rod ϳ N 3 -i.e., the long-time scale of the linear relaxation of stiff chains; if we scale the time with Ќ ϳ N 3 / E, both curves fall as the one shown in Fig. 4 above.
The different magnitudes of the two stress components during the late intermediate times along with their anisotropic relaxation show that during these times the polymer chain is still far from equilibrium. Only at the end of the late intermediate behavior at times Ќ the chain is near equilibrium since then the two stress components have equal magnitudes, 11 = O͑1͒ = 22 , while the chain width has reached its scale at equilibrium ͑R Ќ 2 ͒ eq ϳ N 3 / E. ͑This fact results in an increased noise at the end of the curves in Figs. 4 and 5.͒ Thus no long-time relaxation is present for the transient dynamics of stiff chains, in direct contrast to the flexible chains where a long-time exponential relaxation is necessary to revert the chain for a practically straight shape at the end of intermediate times to the equilibrium coil-like one ͑as we discussed in Ref. ͓37͔͒. We emphasize that the final linear relaxation towards equilibrium ͑e.g., see ͓26-28͔͒ is indistinguishable from the noise of the Brownian motion, and thus it cannot be revealed via transient Brownian dynamics ͑espe-cially when no variance reduction technique is employed as happens in our study͒.
IV. BIREFRINGENCE RELAXATION
The relaxation of the birefringence for initially straight flexible chains was studied by Doyle, Shaqfeh, and Gast ͓33͔, where it was found that initially the birefringence decays linearly with time while for long times there is an exponential decay. In a subsequent study, Doyle et al. ͓34͔ The curves were generated by employing chains with N =5,10,40,100 for E / N = 10 and N =5,10,40,100, 400, 1000 for E / N =10 4 . By scaling the time with Ќ instead of rod , the curves for the two values of stiffness ratio E / N fall as the one shown in Fig. 4. 
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To be able to identify the optical relaxation at all times and, most importantly, to relate this relaxation to the configuration relaxation and the problem mechanism, we studied separately the relaxation of each of the three refraction components appearing in Eq. ͑5͒. The study of these components reveals that the contribution to birefringence of the component n 12 is always negligible. ͑This component is at least two to three orders of magnitude smaller than the polymer birefringence.͒ Thus for the current problem Eq. ͑5͒ simplifies to B Ϸ n 11 − n 22 . ͑22͒ Therefore, from now on, we focus our attention only on the relaxation of the refraction components n 11 and n 22 . The first step in our analysis is to identify how exactly the chain's optical properties are associated with the chain configuration. We note that the refraction component n 11 is directly associated with the longitudinal length of each link, d ʈ , and thus with the chain's length R ʈ ,
The same happens for the refraction component n 22 , which is directly related to the width of each link d Ќ ,
͑i.e., owing to the link inextensibility, d Ќ is associated with the link length d ʈ and thus with the chain's length͒. Thus, both refraction components are associated with the chain's length R ʈ . The same is valid for birefringence owning to Eq. ͑22͒. Therefore, the optical properties of initially extended polymers can be predicted and explained through the chain's longitudinal relaxation we have identified in our earlier study ͓38͔. Our predictions are in excellent agreement with our numerical results at all times and polymer stiffness. To show this agreement, we present below our numerical results during intermediate times only due to the particular importance of this time period being affected by all the chain length scales.
During the short times t N −2 for all chains, the birefringence shows a linear dependence on time,
due to the corresponding free diffusion of the polymer beads ͓38͔. Figure 6͑a͒ reveals that during the early intermediate times of stiff chains, ten t mid , the polymer birefringence shows the expected t 1/2 power-law reduction,
͓We emphasize that, in order to reveal the birefringence relaxation during the intermediate times, we should plot the birefringence reduction B͑0͒ − B, and not the birefringence itself.͔ In addition, Fig. 6͑b͒ shows that during the late intermediate times mid t Ќ , the birefringence reduction is
which is again in excellent agreement with our predictions based on the relation between the chain's optical properties and the polymer length. We note that the birefringence relaxation shown in Fig.  6͑a͒ constitutes a universal behavior valid for any polymer stiffness. To show this numerically, in Fig. 7 we present the same behavior during the intermediate times of flexible chains, ten t rouse ͑where rouse ϳ N 2 ͒. As a closure to this section, we emphasize again that both refraction components n 11 and n 22 contribute significantly to the polymer birefringence at all times and for any chain stiffness. ͓This is supported by Eqs. ͑23͒ and ͑24͒ above as well as by direct comparison of our numerical results for the two refraction components, n 11 and n 22 .͔ Therefore in the study of optical properties the contribution of the refraction component n 22 should not be discounted. 
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V. GENERALIZED STRESS-OPTIC LAW
The optical properties of polymer solutions are associated with the polymer stress through a stress-optic law, and thus experimental measurements of birefringence can provide information on the polymer stress if the stress-optic law is known. The most common form of this law is a linear relation between the components of the index-of-refraction tensor and the corresponding components of the stress tensor-i.e., n ij = C ij where C is the stress-optic coefficient ͓39,40͔. For the problem of relaxation of initially straight polymers, no shear stress is developed in the system while the normal stress is dominated by the stress component 11 where "1" is the direction of the initial extension ͑see Sec. III above͒. Since for this problem we have shown that the two independent refraction components n 11 and n 22 behave similarly to birefringence, we seek a stress-optic law as a relation between the polymer stress 11 and the birefringence B. In addition, our goal is to provide a generalized law valid for any time and chain stiffness.
For the case of flexible chains, Doyle, Shaqfeh, and Gast ͓33͔ showed that the ratio of stress over the refraction component is constant at long times. In our notation, this law can be written as 11 /B = const. ͑28͒
The explanation of this simple relation lies in the fact that at long times t Ն N 2 , the stress and optical properties show the same exponential decay resulting from the corresponding exponential decay of the polymer length. ͓See Figs. 4͑a͒ and 7͑b͒ in Ref.
͓37͔.͔
In the recent work of Ghosh et al. ͓44͔ , based on the similarities of the FENE and bead-rod models for flexible chains, a more general relation between stress and birefringence was found which in our notation can be written as
͑The same relation was also proposed in the work of Doyle et al. ͓34͔ for the relaxation of several FENE-based models.͒
We note that this relation represents the relaxation of initially straight flexible chains and it is valid for intermediate and long times.
To derive a generalized stress-optic law valid for any time and stiffness we employ the specific mechanism via which the configuration relaxation affects the polymer stress and the chain's optical properties. In particular, in this paper we have established the relation between the chain's optical properties and the polymer length for both flexible and stiff chains B͑0͒ − B Ϸ ͓n 11 ͑0͒ − n 11 ͔ + n 22
where ⌬R ʈ ϵ R ʈ ͑0͒ − R ʈ . We have also established the relation between the polymer stress and the chain's length for stiff chains:
where the dominant longitudinal tension forces are given by F ʈ ϳ ch d⌬R ʈ / dt while ch ϳ N is the friction coefficient for the entire chain. Note that Eq. ͑31͒ is also valid for flexible chains as we discussed in our earlier work ͓37͔. By combining Eqs. ͑30͒ and ͑31͒, a generalized stressoptic law is derived,
which is valid for both flexible and stiff chains, and for all time periods-i.e., for short, intermediate, and long times. One can easily verify analytically the universal validity of our stress-optic law by utilizing the known relaxation of stress and birefringence for both flexible and stiff chains at all time periods. To show the validity of our stress-optic law numerically, in Fig. 8 we plot the ratio of the stress 11 from our numerical results for flexible ͑from Ref. ͓37͔͒ and stiff chains ͑pre-sented in Sec. III͒ to the value predicted by our generalized stress-optic law, Eq. ͑32͒ above. Note that the increased noise results from the calculation of the derivative d͓B͑0͒ − B͑t͔͒ / dt via a backward Euler time-integration scheme. This figure reveals that for any chain stiffness this ratio is approximately constant with time while for long chains it is Ϸ0.02; i.e., it is independent of the chain length N.
The generalized stress-optic law given by Eq. ͑32͒ reveals a nonlinear relationship between the polymer stress and the optical properties. We note that this nonlinearity results from the fact that the derivative d͓B͑0͒ − B͑t͔͒ / dt is a nonlinear function of the birefringence B. where ͑⌬B͒ eq ϳ N 2 / E is the scale of the birefringence reduction B͑0͒ − B at the end of the bending relaxation at times Ќ as we can deduce from Eq. ͑27͒ above.
VI. FORCE-EXTENSION RELATION
Physically the nonlinear stress-optic relationship results from the inherent nonlinearity of the current problem which is associated with the initial straight configuration of the polymer chain and produces a nonlinear force-extension relation. In particular, during the intermediate times of flexible chains and the early intermediate times of stiff chains, the longitudinal ͑tension͒ force is
while during the late intermediate times of stiff chains, this force is given by
where ͑⌬R ʈ 2 ͒ eq ϳ N 3 / E is the scale of the length reduction ⌬R ʈ 2 ϵ R ʈ 2 ͑0͒ − R ʈ 2 at the end of the bending relaxation at times Ќ . Only during the long times of flexible chains does Eq. ͑32͒ denote a linear stress-optic relationship ͓given by Eq. ͑28͒ above͔ since at these times both stress and birefringence are linear functions of the chain length ͓37͔ owing to the fact that the polymer chain is not far from equilibrium anymore, and thus the force-extension relation is linear.
The combination of Eqs. ͑34͒ and ͑35͒ along with a smooth transition at times mid defines a new model for extended semiflexible bead road chains:
.
͑36͒
In the equation above F ESBRC is the force along the chain's longitudinal direction while N 3 / E 3/2 = ͑⌬R ʈ 2 ͒ mid is the scale of the length reduction at the transition times mid . For coarsegraining reasons, we may write Eq. ͑36͒ as
where Q is the chain's end-to-end distance. The numerical coefficient missing from Eq. ͑37͒ should be 1 if we want the ESBRC model to match the FENE model for flexible chains. We emphasize that our ESBRC model is formally derived from the relaxation of an extended semiflexible polymer in the absence of external forces. However, one may use this model to describe the dynamics of a semiflexible polymer chain even under external forcing, the same way one may use the FENE model for flexible chains. ͑For example, one may consider a coarse-grain dumbbell chain where the spring force is given by the ESBRC model while the chain obeys the Langevin equation of motion.͒
VII. DISCUSSION
In this section we address several issues that have arisen during the review process. Since these issues involve general questions on the computational model employed in our work and its association with recent analytical predictions, we think that it is for the reader's benefit to address these issues in a separate section which can be easily accessible for future reference.
In our work we utilize the semiflexible bead-rod model described in Sec. II. The same model has been employed by several research groups to study the dynamics of semiflexible polymers near and far from equilibrium-e.g., ͓23,26-28,38͔. Results from this computational model show excellent agreement with analytical predictions based on the wormlike chain model; e.g., see ͓23,28͔. =5,10,20,40,100,160, 400. ͑b͒ Stiff chains ͑E / N =10͒ with N =5,10,40,100, 400, 1000, 4000, 10000 . Note that we plot the ratio of 11 from our numerical results ͑see Ref. ͓37͔ for flexible chains and Sec. III above for stiff chains͒ to the one predicted by Eq. ͑32͒. The increased noise results from the calculation of the derivative d͓B͑0͒ − B͑t͔͒ / dt.
The semiflexible bead-rod model we employ is based on the ͑flexible͒ bead-rod model developed by Grassia and Hinch ͓32͔ and includes a corrective potential force F i cor so that the equilibrium probability distribution of the chain configurations is Boltzmann as discussed in Sec. II. We emphasize that in our study the addition of these forces is a matter of preference; i.e., we obtain the same results even when these forces are omitted. ͑The inclusion of the corrective potential forces may affect the distribution of the angle between two successive links but it does not affect the bulk properties we study.͒ In addition, the bead-rod model we employ is a discrete polymer model as commonly happens with other computational or even analytical polymer models. For any discrete model, the existence of a minimum length scale ͑e.g., the size of a bead or the link length͒ and the associated time scale ͑e.g., rand ͒ give rise to the so-called short-time behavior ͑e.g., the one discussed in Sec. III A͒. After this behavior, the polymer dynamics is independent of the model's discreteness. Because of this, some researchers prefer not to present the short-time behavior of their ͑computational or analytical͒ model; others prefer to present this behavior so that we are fully consistent with the model we employ. Most importantly, the short-time behavior reveals clearly the initial properties of the discrete chain ͑e.g., the tensions and polymer stress at full extension for the current problem͒ as well as the dynamics at the beginning of the intermediate-time behavior.
Another issue arising during the review process has to do with the t 7/8 scaling law ͑appearing in Ref.
͓23͔ and elsewhere͒ and the reason why this law does not appear in the present study. We emphasize that this law is valid in the linear regime of perturbations around equilibrium while in the current problem we study nonlinear perturbations. By employing ͑transient͒ Brownian dynamics simulations ͑as we do in our study͒ we can only investigate nonlinear dynamics. ͑Note that the linear dynamics are investigated computationally via correlations of fluctuations at equilibrium; e.g., see ͓23,26,27͔.͒ We emphasize that for the specific problem we study in this paper, the linear relaxation is already known from previous analytical and computational studies ͓23,26-28͔.
In addition, we emphasize that the results based on the relaxation of initially straight bead-rod chains ͑e.g., from the present work, our previous studies ͓37,38͔, and the study of Grassia and Hinch ͓32͔͒ also represent the relaxation of extended bead-rod chains in strong flows after the flow is turned off. For example, Ref. ͓34͔ found a universal curve for relaxation after the cessation of strong flows which coincides with that for an initially straight flexible bead-rod chain. We also note that the bead-rod polymer model is always associated with finite tension forces even at full extension.
In the present work, we utilize the configuration relaxation and the associated mechanism we revealed in our recent Letter ͓38͔ to present and analyze the polymer properties including the polymer stress, the solution birefringence, and the configuration relaxation modes. In particular, our earlier study reveals that after the short-time ͑discrete͒ behavior, the polymer length shows an early t 1/2 universal relaxation ͑i.e., valid for any chain stiffness͒ and a late t 1/4 relaxation valid for semiflexible and stiff chains. In a later analytical study, Hallatschek, Frey, and Kroy ͓31͔ considered the longitudinal relaxation of stiff polymers in several external, linear and nonlinear, perturbations. For the relaxation of extended stiff polymers, the analytical study predicts the early t 1/2 and late t 1/4 power-law relaxation found in our earlier work ͓38͔. ͑See Table II of the analytical work in ͓31͔.͒ In addition, Hallatschek, Frey, and Kroy predicted an intermediate t 1/3 power law due to homogeneous tension relaxation. Thus, a question arises on the validity of this t 1/3 power law and, in general, the association between our earlier computational work ͓38͔ with the analytical study ͓31͔. To address this issue, we should first discuss the limits of validity of the two types of studies. Our computations solve the full nonlinear Langevin equation ͑3͒ above; however, they are restricted to polymer chains with E / N = 10 for the early relaxation ͑e.g., see Figs. 3 and 6͒. Our results for the late relaxation are much less restricted since in this paper we present results for E / N = 10 and E / N =10 4 in Fig. 5 . On the other hand, analytical solutions may predict the chain evolution for a large stiffness range ͑e.g., for E / N 1͒; however, due to the complexity ͑and nonlinearity͒ of the relevant problems, they may be based on unproved assumptions, while their range of validity is not well known. For example, the t 1/3 power law presented in Ref.
͓31͔ is predicted to be valid for E / N 1; however, it is unclear what is the time duration of this law for the chains E / N = 10 studied in our work.
Based on our computational results, currently we cannot verify or reject the analytical prediction of the intermediate t 1/3 power law. To explain this, observe that for any polymer property we have studied ͑e.g., length, width, stress, and birefringence͒, our computations reveal over many time decades the existence of the early and late behaviors. Between these two behaviors there exists a transition region of about one time decade; e.g., see Fig. 3 . Due to its small size for chains with E / N = 10, it is unclear if this region constitutes the predicted intermediate law or is just a transition from the early to the late behavior. To be able to verify or reject the intermediate t 1/3 power law computationally, one needs to study the early behavior ͑over extended time periods͒ of much stiffer chains which is currently unattainable.
Based on the same reasoning, currently one cannot verify or reject computationally not only this specific intermediate power law but even additional ͑analytically predicted͒ intermediate laws. However, one thing is certain: the earlier and later polymer behaviors should always be the t 1/2 and t 1/4 laws we found in our previous study ͓38͔. ͑As explained in our Letter, at early times the chain stiffness cannot affect the longitudinal dynamics and thus the polymer should always show the universal t 1/2 law; the late t 1/4 law is well demonstrated by our numerical results for E / N =10,10 4 .͒ Thus, the existence of intermediate laws ͑if any͒ will not change our results discussed in this paper; they will merely change the transition time scale mid . In addition, our reasoning of predicting and explaining the polymer properties will still be valid; e.g., the polymer stress during an intermediate behavior may be explained similarly to that for the early and late polymer stress presented in Sec. III above.
As a closure, we emphasize that although we discuss above the possibility of the existence of an additional intermediate power law, our own interpretation of our numerical results does not support this law. This can be easily understood based on our ͑low-noise͒ results for the polymer stress shown in Fig. 3͑a͒ which reveal a rather rapid transition from the early to the late behavior.
VIII. CONCLUSIONS
In this paper we studied the relaxation of an initially straight stiff polymer by employing Brownian dynamics simulations based on a semiflexible bead-rod model. Our interest was concentrated on the stress and birefringence relaxation and how they are affected by the corresponding conformational relaxation of the polymer chain.
During the short times t ten , the transverse free diffusion of the chain is not able to produce any stress relaxation and the birefringence shows a linear relaxation. During the early intermediate times ten t mid , the tension relaxation is associated with a length reduction R ʈ 2 ͑0͒ − R ʈ 2 ϳ Nt
and results in a strong-stress component relaxation of 11 ϳ N 2 t −1/2 and a birefringence relaxation B͑0͒ − B ϳ t 1/2 . Owing to the participation of the different relaxation modes in the transverse relaxation, the chain width increases anisotropically as R Ќ 2 ϳ N −1/3 t 5/6 which produces a relaxation 22 ϳ N 2/3 t −1/6 for the weak-stress component. During the late intermediate times, the tension relaxation is associated with a length reduction R ʈ 2 ͑0͒ − R ʈ 2 ϳ N 2 E −3/4 t 1/4 and results in a strong-stress component relaxation of 11 ϳ N 3 E −3/4 t −3/4 and a birefringence relaxation B͑0͒ − B ϳ NE −3/4 t 1/4 . The transverse relaxation modes result in an anisotropical width increase R Ќ 2 ϳ E −1/4 t 3/4 and a weak-stress component relaxation of 22 ϳ NE −1/4 t −1/4 . It may prove useful to future studies to determine the numerical coefficient of the time scales appearing in this article. Figure 2 shows that bend Ϸ 10 −3 E −1 while ten Ϸ 10 −2 N −2 based on Fig. 1 . In addition, Fig. 4 shows that Ќ Ϸ 10 −3 N 4 / E. ͑Note that bend and Ќ should have the same numerical coefficient since they belong to the same series of time scales.͒ Figure 3 suggests that mid Ϸ 10 −5 N 4 / E 3 . Based on the property of the scaling law methodology which dictates that the behavior of short chains represent the late behavior of longer chains ͓43͔, the same coefficient is derived if we require that ten Ϸ mid and assume that this occurs for N Ϸ 10͑E / N͒. We emphasize that all these numerical coefficients are approximate estimates since the transition from one to the next behavior does not occur at an exact time but occupies a time zone.
The longitudinal relaxation of the polymer chain at the early intermediate times constitutes a universal behavior valid for any stiffness of the bead-rod chain. The same happens for any polymer property which depends only on the chain length such as the strong stress component 11 and the chain's optical properties ͑i.e., the birefringence and the refraction components͒. On the other hand, during the late intermediate times, both the longitudinal and transverse relaxations of the polymer chain ͑and thus all the polymer properties which depend on the chain's length or width͒ were shown to be valid for any stiff chain E Ն N.
By combining the relation between the optical properties and the chain configuration with the relation between the polymer stress and the chain configuration, we proposed a generalized stress-optic law describing the relaxation for any chain stiffness and time period. We emphasize that the inherent nonlinearity of the current problem ͑associated with the initial straightness of the polymer chain͒ results in a nonlinear force-extension relation and the nonlinear stress-optic law given by Eq. ͑32͒. A coarse-grain model describing extended semiflexible bead road chains ͑ESBRC͒ was also proposed.
Knowledge of the physical mechanism and the chain's conformational behavior helps us understand the properties of the polymer solution. In this paper by employing this procedure, we were able to predict and explain the polymer stress and optical relaxation. It is important to realize that the ͑bulk͒ properties of the polymer solution-e.g., stress and birefringence-are functions of the chain configuration and thus can be predicted and explained based on the knowledge of the conformational behavior. Therefore, we believe that the methodology we employ in this article is well suited to study other problems in the area of polymer dynamics.
